ABSTRACT: Hydraulic sorting of detrital mineral grains in the swash zone was investigated using data on sedimentology and flow dynamics obtained from Fishermans Beach, on the east coast of Australia. The beach is characteristically reflective, displaying a steep beach face composed of medium sand and virtually no surf zone. Samples were taken from two beds enriched in heavy minerals, and from the adjacent beds above and below. The mineralogy of the samples was determined, and measurements of grain size and settling velocity were obtained. The heavy-mineral grains had both a smaller intermediate diameter and a smaller settling velocity than the light-mineral grains; the difference between the two mineral types was typically in the range 0.25-0.50 and 2.0-2.5 cm s Ϫ1 , respectively. On the basis of these sedimentological measurements alone, any one of three mineral sorting mechanisms could provide a feasible explanation for the development of the heavymineral-enriched beds: suspension sorting, entrainment sorting, or shear sorting. A numerical model for swash, based on the nonlinear shallow-water wave theory, is used to provide a quantitative description of flow dynamics in the swash zone at the time the heavy-mineralenriched beds were formed. For the probable wave height responsible for producing the enriched beds, modeled maximum flow velocity and bed shear stress at the mid-swash position reached 3.5 m s Ϫ1 and 79.51 dynes cm Ϫ2 , respectively. Given the shallow water depths and the lack of sorting in the horizontal direction of flow, suspension sorting does not seem to be of overriding importance at Fishermans Beach. The large bed shear stresses seem to also preclude entrainment sorting, because for most of the time all mineral types are predicted to be in motion. This contrasts with previous studies on finer-grained beaches, where entrainment sorting was favored, and suggests that beach type may play a role in determining the sorting mechanism operating at a particular location. Shear sorting was found to be feasible within the modeled flow constraints at Fishermans Beach, but it does not provide an entirely satisfactory explanation for the observed mineral sorting patterns. We contend that the inability to unequivocally identify the true sorting mechanism is more a reflection of our poor understanding of the operation of these sorting mechanisms, particularly within the swash zone, rather than an indication that any of these mechanisms are physically inoperative in the swash zone.
INTRODUCTION
Sorting of sediment according to one or more grain properties is ubiquitous in depositional environments. In some cases sediment sorting results in the concentration of economically important detrital minerals within a depositional unit (i.e., a placer deposit). These placer deposits can occur in a wide variety of geomorphological settings, but in most cases they are formed by water (Slingerland and Smith 1986; Hamilton 1995) . Despite the scientific and economic importance of water-laid placers, a complete explanation of their formation and global distribution remains elusive. This paper focuses on placer formation, and in particular the hydraulic processes responsible for sorting detrital minerals according to their grain properties.
Preservation of a placer requires net sediment deposition, but the sorting mechanism responsible for concentrating the placer mineral may operate during times of either sediment entrainment, transport, or deposition. Slingerland and Smith (1986) described four hydraulic sorting mechanisms capable of producing concentrations of heavy minerals on a scale that may ultimately form the basis of regional-scale placer deposits, given the appropriate tectonic and geomorphic setting. Using their nomenclature, the mechanisms are: suspension sorting, entrainment sorting, transport sorting, and shear sorting. The first operates during deposition, the second during erosion, and the other two during transportation. Only a brief description of each is presented here; see Slingerland and Smith (1986) and Komar (1989) .
Suspension sorting involves the separation of heavy from light minerals according to their settling velocities. The settling velocity of grains depends on the size, density, and shape of the grain and the nature of the fluid turbulence. In a suspension of heterogeneous mineral grains, those with the largest settling velocity are deposited first and those with the smallest settling velocity are deposited last (e.g., Slingerland and Smith 1986) . For a virtually stationary suspension, sorting in the deposited sediment would exist only in the vertical direction. For a suspension advected by a horizontal flow, mineral sorting in the deposited sediment should be evident in both the vertical and horizontal directions.
Entrainment sorting involves the separation of light and heavy minerals according to their relative grain entrainment thresholds, usually expressed in terms of a critical bed shear stress (e.g., Komar and Wang 1984) . The critical entrainment stress for a grain can depend on the size, density, and shape of the grain and the bed configuration. In a deposit of heterogeneous mineral grains, those with a critical entrainment stress less than the flow stress are transported away, leaving a lag deposit of grains with a critical entrainment stress greater than the flow stress.
Transport sorting involves the separation of light and heavy minerals according to their relative grain transport velocities. This mechanism also incorporates the effect of entrainment, because grains that are quickly entrained are transported in a shorter time than those that are not so readily entrained. The transport velocity of a grain depends on the size, density, and shape of the grain, the bed configuration, and the flow velocity (Steidtmann 1982) . During transport of a load of heterogeneous mineral grains, those with the highest transport velocity travel the greatest distance and those with the lowest transport velocity travel the least distance. Mineral sorting within the deposited sediment should be evident mostly in the horizontal direction.
Shear sorting involves the separation of light and heavy mineral grains according to their relative response to dispersive pressure. In a moving granular layer subject to intense fluid shear, a pressure force (termed dispersive pressure) acts upon the grains within the layer. The force derives from the virtually continuous grain collisions and acts in the vertical direction away from the bed (Bagnold 1954; Sallenger 1979) . The response of a grain to dispersive pressure depends on grain size and density. During the transport of a load of heterogeneous mineral grains, the largest or densest grains ''float'' to the surface of the layer and the finest or least dense grains ''sink'' to the base of the layer. Mineral sorting within the deposited sediment should be evident mostly in the vertical direction.
Previous studies of modern beach sediments have generally hypothesized that one or more of the four mechanisms described above produces the observed grain sorting patterns (e.g., Slingerland 1977; Sallenger 1979; Komar and Wang 1984; Trask and Hand 1985; Li and Komar 1992; Frihy and Komar 1993) . It has not yet been established, however, whether all or indeed any of these four sorting mechanisms can effectively operate in the swash zone, because the operational constraints imposed by the flow regime have not yet been determined. The aim of this study is to use new data collected from heavy-mineral-enriched beds within the swash zone to in- vestigate flow constraints on the operation of each of the sediment sorting mechanisms described above. A numerical model for swash flow is used to provide indicative flow conditions for the sorting episodes responsible for producing the enriched beds. It is found that none of the sorting mechanisms, as they are presently understood, is convincing as a complete explanation for the mineral sorting pattern observed. Our second aim, therefore, is to identify the information required to improve our understanding of sediment sorting mechanisms operating within the unique flow conditions characteristic of the swash zone.
PHYSICAL SETTING AND GEOLOGY
Fishermans Beach is a small pocket beach, approximately 500 m in length, on the northern side of Long Reef Headland on the central coast of New South Wales, Australia (Fig. 1 ). This section of the coastline experiences a modal deep-water wave height and period of approximately 1.5 m and 10 s, respectively, typically from the southeast. It is not uncommon, however, for deep-water waves to reach heights of 3-5 m and periods of 12 s, originating from anywhere within the NE-SE quadrant (Wright 1976) . Fishermans Beach has a northeast aspect, and is generally protected from the direct impact of the most energetic waves striking this section of coastline. The high degree of embayment and shallow reefs offshore serve to further limit the range of possible wave heights at the shoreline. The maximum breaker height at the shoreline is less than 1.3 m, and most of the time it is less than 0.5 m.
The beach morphology is characteristically reflective, with a steep beach face and large nearshore water depths that limit wave breaking to a narrow zone immediately adjacent to the shoreline (e.g., Short 1979) . Generally the largest waves break by plunging either directly onto the beach face or immediately seaward of it, whereas the smallest waves typically surge up the beach face with minimal breaking. The short beach length and large degree of embayment produces a strongly refracted and diffracted nearshore wave pattern. The wave and current motion is overwhelmingly oriented in the shore-normal direction-there is no geomorphological evidence for persistent longshore currents or transport. The beach sediments are well sorted, medium-grade sands composed predominantly of quartz but including a significant heavy-mineral fraction.
Fishermans Beach is toward the southern end of the Australian southeast coast heavy-mineral province, which extends from latitude 25ЊS to 34ЊS (Fig. 1 ). This province is characterized by placer concentrations of rutile, zircon, ilmenite, and monazite, all of which have been mined commercially from barrier-beach and dune deposits since the early half of the twentieth century (Wallis and Oakes 1990; Roy 1998) . The source of these regionally distributed heavy minerals is Mesozoic sedimentary basins that have previously provided sediments to the continental shelf farther to the south (Winward 1975) . Long-term, persistent along-shelf transport to the north has dispersed the mineral suite across 9Њ of latitude (Roy 1998) . This regional trend of mineralization is interrupted in places by localized sediment sources, which have significantly different mineral suites. Fishermans Beach is one example, where the regional heavy-mineral suite is completely overwhelmed by the local geology of the adjacent Long Reef headland.
Long Reef headland consists of Triassic claystones and sandstones that form part of the Narrabeen Group in the Sydney Basin. Numerous outcrops of lateritic, podzolic paleosols occur around the headland. The upper surface of the B horizon of these paleosols is marked by a resistant ironstone resulting from accumulated iron and aluminum leached out of the overlying A horizon. The B horizon is characteristically red, because of the widespread presence of ferric iron oxide as hematite (Retallack 1976; . Siderite nodules, partly altered to hematite, are also abundant in the sandstones and claystones. It is this hematite and partly altered siderite that dominates the heavy-mineral suite within Fishermans Beach.
METHODS

Sample Collection
A half-meter-deep trench was dug in a shore-normal direction across Fishermans Beach, and two beds (ca. 3-5 cm thick) enriched in heavy minerals were sampled: Bed A was at the beach surface, and Bed B was 8-15 cm below the surface (Fig. 2) . Sample sites were spaced at 2 m intervals along the trench. A total of 40 samples were collected in all. Eight samples were taken from each of Beds A and B. In addition, samples were taken from immediately below Bed A, and from both immediately below and above Bed B. The beach surface profile was surveyed with a conven- tional surveyor's level and staff. The thickness of Beds A and B and the depth to Bed B were measured at each sample site. Upon return to the laboratory each sample was thoroughly washed to remove all traces of salt and oven-dried at 85ЊC. Each sample was put through a mechanical splitter to obtain representative subsamples, which were subjected to a variety of analyses.
Mineral Separation and Identification
Light and heavy mineral fractions were separated using the heavy liquid sodium polytungstate made up to a density of 2.9 kg l Ϫ1 (Callahan 1987 ). Approximately 1-2 g of sample were placed in a vial to which 20 ml of the heavy liquid was added. The vial was then placed on a vortex mixer to thoroughly mix the sample through the heavy liquid. The vial was then placed in a centrifuge for 5 minutes at a maximum speed of 1600 rpm. After centrifuging, the light minerals at the top of the liquid were removed and washed, then oven-dried at a maximum temperature of 50ЊC prior to weighing. The heavy minerals left in the bottom of the vial were similarly washed, dried, and weighed. The total heavy-mineral content (grain density Ͼ 2.9 g cm Ϫ3 ) was then calculated as a percentage by weight of the original sample Heavy-mineral separates from two of the samples were mounted on glass slides using Canada Balsam and thin sections were produced. A total of 300 random grains in each thin section were identified and counted under transmitted, polarized light using a Swift point counter. In addition, whole grains immersed in oil were examined under reflected light to confirm the identification of the opaque minerals. The proportion of each heavy-mineral type was then calculated as a percentage by volume of the total heavymineral fraction.
Determination of Intermediate Grain Diameter
The grain-size distribution of samples was determined using an automated image analysis system. This method was chosen over sieving because it directly provides the intermediate grain diameter without having to apply any calibration equations (e.g., Li and Komar 1992) . After splitting the original sample to obtain a representative subsample, the grains were spread as a single layer onto a glass slide. The slide was placed under a reflected-light microscope that had a video camera attached. A simple threshold contrast approach was used to produce a binary image showing black polygons (the grains) on a white background. The image processing and the subsequent analysis of the polygons was performed using Kontron Elektronik's KS-400 image analysis software. Assuming that the grains rest on the slide in their most stable position (i.e., with their short axis perpendicular to the surface of the slide), the Feretmin and Feretmax measurements provided by the software are equivalent to the intermediate and long axis lengths of the grain, respectively. Only the intermediate axis length is discussed in this paper, because it is this dimension that corresponds most closely to the sieve diameter, the latter being the measure most frequently presented in the literature.
Determination of Grain Settling Velocity and Equivalent Diameter
The grain settling velocity was determined using a settling column 1.6 m long with a collection pan at the bottom that is connected to a strain gauge. This gauge measures the accumulating mass of sediment over time, and yields a settling-velocity distribution for the sample. In order to make the analysis of processes related to grain settling velocity and processes related to grain diameter more comparable, the settling-velocity measurements were converted to an equivalent grain diameter for a glass sphere. The conversion was made using the correct form of the Gibbs equation published by Komar (1981) .
SEDIMENT PROPERTIES
Mineralogy
The percentage of total heavy-mineral content in each of the samples is listed in Table 1 . Bed A is clearly the most enriched, with samples generally containing between 50 and 75% heavy minerals by weight. This is substantially greater than for the samples taken from immediately below Bed A, which contain 5-15% heavy minerals. Samples from Bed B generally contain between 30 and 45% heavy minerals, whereas samples taken from immediately above and below contain between 10 and 20%.
The heavy-mineral suite observed in two samples, taken adjacent to where Bed A pinches out toward the landward and seaward ends of the exposure (i.e., Locations 3 and 10; Fig. 2 ), clearly shows that the regional heavy-mineral suite has been completely overwhelmed by the local contribution from Long Reef headland (Table 2) . Proportions of the regionally characteristic minerals such as zircon, rutile, and ilmenite are minor to absent. This is perhaps not too surprising, given the small scale of the deposit. The first three groups listed in Table 2 are hematite or altered/ impure-hematite minerals (i.e., iron oxide or hematite with inclusions), which together constitute 70-75% of the heavy-mineral suite, and are derived from the extensive indurated paleosols outcropping around Long Reef. The siderite originates from concretions in the sandstones and claystones, whereas the tourmaline is derived from the sandstones.
On the Oregon coastline, U.S.A., Komar and Wang (1984) observed shore-parallel, colored banding in heavy-mineral-enriched beds, which they related to sequential separation of mineral types. In the context of the modeling results presented below, it is noteworthy that no such banding was observed at Fishermans Beach. In fact the proportion of each heavy-mineral type does not vary greatly from one end of Bed A to the other (Table 2) .
Intermediate Grain Diameter
The mean intermediate grain diameter, D i , for each sample associated with Bed A is shown in Figure 3A . The confidence intervals about the mean indicate that Bed A is significantly finer than sediment immediately below it (at 0.05 confidence level). The same pattern is evident for Bed B, with the exception of Sample Site 1 and perhaps 6 (Fig. 3B) . The D i within Bed A is generally uniform, with the exception of a narrow zone at the center of the beach (Sites 6 and 7), where it is significantly finer (Fig. 3A) . In contrast, D i within Bed B is highly variable, and does not display any consistent trend in the cross-shore direction (Fig. 3B ). 
Grain Settling Velocity and Equivalent Diameter
The mean grain settling velocity, W s , for each sample associated with Beds A and B is shown in Figure 4 . The general pattern is for W s in the heavy-mineral-enriched beds to be smaller than for samples from either immediately above or below these beds. Because the W s distributions are non-gaussian, it was not possible to calculate accurate statistics to determine whether there is a significant difference in the mean W s between samples. The distribution of equivalent grain diameters (in phi units), however, is gaussian. The equivalent grain diameter, D e , has therefore been used as a surrogate for W s , in order to facilitate statistical analysis and comparison with the data already presented.
The mean D e of samples from both Bed A and B are significantly finer than sediment immediately above or below (at 0.05 confidence level), the only exception being Site 6 in Bed B (Fig. 5) . The same pattern is inferred for W s : the heavy-mineral-enriched beds are generally composed of grains with a significantly smaller settling velocity than in sediments above and below. In contrast to the pattern observed for D i , D e and hence W s do not vary significantly in the cross-shore direction in either of the heavy-mineral-enriched beds (Figs. 4, 5 ).
ASSESSMENT OF FLOW CONSTRAINTS ON THE OPERATION OF MINERAL SORTING MECHANISMS
The data just described indicate that there is an effective grain sorting mechanism operating at Fishermans Beach that is capable of concentrating FIG. 5.-Mean and 95% confidence interval (error bar) for equivalent grain diameter, D e , of samples relating to: A) Bed A (first column in each pair is sample from immediately below Bed A and second column is from Bed A) and B) Bed B (first column in each group is sample from immediately below Bed B, second column is from Bed B, and third column is from immediately above Bed B).
the suite of heavy minerals present. The mechanism is clearly related to swash processes, inasmuch as the elevation and horizontal extent of the enriched beds in this microtidal setting place them beyond the reach of surf-zone processes, even during storm conditions (Fig. 2) . Although there was no detailed sedimentological evidence (e.g., truncated beds) to indicate whether the enriched beds were formed under accretional or erosional conditions, the beach was clearly in a denuded state and lacking its usual well developed berm morphology, because of conditions of high wave energy. This suggests that the formation of the heavy-mineral-enriched beds was associated with an episode of beach cut, which is consistent with observations elsewhere on the New South Wales coast (Roy 1998 ).
The sorting mechanism operating at Fishermans Beach has produced sedimentary beds some 3-5 cm thick that are enriched in heavy minerals by a factor of 2.5 to 5.5 over beds immediately above or below ( Fig. 2 ; Table 1 ). In addition to having a larger bulk density than the surrounding sediment, the sediments in the heavy-mineral-enriched beds also have significantly finer intermediate grain diameters (Fig. 3) and significantly smaller grain settling velocities (Figs. 4, 5) . Any one of three mechanisms described in the introduction could produce this pattern of sediment sorting (i.e., suspension, entrainment, or shear sorting). Given the short transport distance, the bidirectional nature of the flow and the fact that there is no separation of heavy and light minerals in the cross-shore direction in the swash zone at Fishermans Beach, we have chosen to exclude the transport sorting mechanism from the rest of our analysis.
In order to assess which of the three remaining sorting mechanisms is the most feasible, given the constraints imposed by the flow conditions, we need some information on the flow. No flow measurements are available for the swash zone at Fishermans Beach when either Bed A or B were deposited, so in order to carry out our assessment we used a numerical model to provide information on flow dynamics in the swash zone. This model is developed in the following section, prior to individually assessing each sorting mechanism.
Flow Dynamics in the Swash Zone
Recent field studies have shown that the nonlinear shallow-water theory provides a good description of flow dynamics in the swash zone (e.g., Hughes 1992; Raubenheimer et al. 1995) . Using this theory as a starting point and building on the earlier work of Shen and Meyer (1963) and Kirkgoz (1981) , Hughes (1989 Hughes ( , 1995 developed a combined theoreticalempirical description of swash flow dynamics based on the following equation of motion for the front of the swash lens:
in which m is the mass of the leading fluid element representing the swash front, X s is the position of the swash front relative to the position of the still-water shoreline (x ϭ 0), t is time, g is the gravitational acceleration, ␤ is the angle of the beach face, is the bed shear stress, and ␦ is a nominal length for the fluid element. Eq 1 can be integrated using separation of variables to yield the velocity, U s , of the swash front
where h s is the water depth immediately behind the swash front, f s is a friction factor for the swash front, and F and G are respectively
where U o is the initial velocity of the swash front at the start of the uprush (i.e., when x ϭ 0 and t ϭ 0). Further integration yields the position of the swash front on the beach face with respect to time:
The swash depth, h, at any position on the beach face and at any time can be approximated by 
2 (3t) (Shen and Meyer 1963) . The discharge of water, Q, that has passed any position of interest on the beach can be written as
where V is the volume of water that has passed the point of interest, A is the cross-sectional area of the flow, and u is the flow velocity. For a unit width of beach, A ϭ h. From Eq 5 the volume of swash between the point of interest on the beach face x i and the shoreline position X s (t) is
Rearranging Eq 6 and expressing it in finite-difference form to enable a solution for u we have
where A(t) and V(t Ϯ 0.5⌬t) are given by Eqs 5 and 7, respectively. Once a value for the shoreline friction factor (f s ) and the water depth immediately behind the shoreline (h s ) have been selected, the equations can be solved. Hughes (1995) showed that if h s is made equal to the maximum water depth that occurs at the mid swash position, good results can be obtained, hence
For medium to coarse sand beaches Hughes (1995) suggests a value of f s ϭ 0.1. As an example, the modeled swash dynamics for a 0.5 m breaker height at the shoreline is illustrated in Figure 6 . The motion of the swash front, represented by X s (t), is symmetric between the uprush and backwash. The velocity of the swash front, U s (t), is also symmetric, because the time of reversal in direction of the swash-front velocity (i.e., when U s ϭ 0) coincides exactly with the time that the swash front is at its maximum landward position. In contrast, the water velocity within the swash lens is asymmetric between the uprush and backwash. This is because local flow reversal within the swash lens occurs before the swash front has finished advancing landward, hence the landward-directed flow within the swash lens is of a shorter duration than the seaward-directed flow. Discharge is conserved, however, because water depths during the uprush are larger than those during the backwash (Hughes et al. 1997) . As expected, the flow durations and flow velocities within the swash lens decrease with distance landward (Fig. 6 ). This entire pattern of modeled swash behavior matches closely with recent field measurements on steep beaches, where incident swell frequencies dominate the wave spectrum at the shoreline (Hughes 1992; Hughes et al. 1997) . Moreover, the magnitude of the maximum and time-averaged flow velocities modeled here match closely with these field measurements for similar wave heights at the shoreline; compare the maximum flow velocities at the mid-swash position listed in Table 3 with those listed in Table 1 of Hughes et al. (1997) and Masselink and Hughes (1998) . The swash model just described is considered to be sufficiently accurate for our assessment of the flow constraints on mineral sorting mechanisms operating at Fishermans Beach.
Taking into consideration the range of possible water-level positions on the beach face due to the tide, the swash length required to produce the observed horizontal dimensions of the heavy-mineral-enriched beds is somewhere between 4 and 10 m. The swash dynamics model just described predicts values close to these two swash lengths for input wave breaker heights at the shoreline of 0.5 and 1.25 m, respectively (Table 3) . These wave heights are entirely consistent with the range of wave heights possible at Fishermans Beach, given the degree of sheltering and nearshore depth limitations.
Suspension Sorting
Previous studies of placers on Oregon beaches ruled out the possibility of mineral sorting by differential settling on the basis that the light and heavy mineral grains had similar settling velocities, the density effect on settling velocity being compensated for by the difference in grain sizes present (Komar and Wang 1984; Li and Komar 1992) . In contrast, the heavy-mineral-enriched beds at Fishermans Beach contain sediments with settling velocities significantly smaller than the sediments composed predominantly of light minerals located above or below. The average differential settling velocity between Bed A and the sediments immediately below is 1.98 cm s Ϫ1 , and for Bed B it is 2.39 cm s Ϫ1 (Fig. 4A) . These values are substantially larger than those reported for the Oregon beaches, Ͻ 0.5 cm s Ϫ1 (Komar and Wang 1984; Li and Komar 1992 Although it appears from consideration of grain properties alone that mineral sorting by differential settling is feasible in the case of Fishermans Beach, its importance becomes uncertain when we consider the flow conditions. There is a general trend of decreasing flow velocity in the landward direction in the swash zone (Fig. 6 ), thus we should expect to see a matching trend of decreasing grain settling velocity in the same direction if suspension sorting is important. For similar reasons we should also expect to see a shore-normal trend in the percentage of heavy minerals within a bed. In fact the variation in grain settling velocity (indicated by either W s or D e ) within either of the heavy-mineral-enriched beds is remarkably small, if not insignificant, and shows no consistent cross-shore trend (Figs. 4, 5) . Moreover, there is no clear cross-shore trend in the percentage of heavy minerals in samples from either of the enriched beds (Table 1) .
Sediment sorting according to grain settling velocity and mineralogy is clearly evident in our data in the vertical direction but is lacking in the horizontal direction. This pattern of sorting is difficult to reconcile with the suspension sorting mechanism. Given the strong horizontal flow velocities in the swash zone (Table 3) , we should be seeing sorting in both vertical and horizontal directions. In addition, the shallow water depths that are typical of the swash zone suggest a physical limitation to the operation of suspension sorting. A certain fall distance is necessary to permit minerals to become separated within the suspension. This limitation depends on the magnitude of the grain settling velocities in the turbulent swash flow. Because we have measurements of grain settling velocity only in a still fluid, we cannot explore this issue any further, but the general effect of turbulence on settling is discussed below (see Discussion).
Entrainment Sorting
On the basis of sedimentological evidence alone the entrainment sorting mechanism provides a feasible explanation for the mineral sorting pattern observed at Fishermans Beach. The light and heavy minerals have significantly different sizes and densities (Fig. 3) , both of which contribute to determining the critical entrainment stress for a grain. In order to assess whether this mechanism is feasible within the flow constraints existing in the swash zone we need an expression for the critical bed shear stress, c , required to entrain sediment from a bed composed of mixed grain sizes and densities. Komar and Wang (1984) where s and are the sediment and water densities, respectively, and ⌽ is the angle between the vertical and the line that connects the center of the grain with the pivot point (i.e., the angle of repose for a sediment deposit). The empirical relationship for beach sands proposed by Miller and Byrne (1966) is used to evaluate ⌽:
where K is the intermediate diameter of the grains constituting the bed. The functional relationship between c and D i described by Eq 10 is shown in Figure 7 . Results for the principal mineral types present at Fishermans Beach are shown for comparison. In the calculations tourmaline was assigned a density of 3.1 g cm Ϫ3 and siderite a density of 3.75 g cm
Ϫ3
. The pure hematite, hematite with inclusions, and iron oxide categories are all believed to be hematite of variable density. Lower and upper limits to their density were assigned to be 4.7 and 5.1 g cm
, respectively. If the grains that make up the beach sediment are of uniform size (i.e., D i /K ϭ 1), then the critical bed shear stress required for entrainment increases with grain size. Quartz of uniform size is shown as an example in Figure 7 . In the case of Fishermans Beach, where the diameter of the heavy minerals is less than the diameter of the predominant light minerals (i.e., D i /K Ͻ 1), the critical stress required to entrain the heavy minerals increases with decreasing grain diameter. This quantifies the effect of the smaller heavy-mineral grains being hidden within the interstices of the larger light mineral grains, which protrude farther into the flow.
We expect that sorting due to differential entrainment will occur if the bed shear stress is greater than the critical stress required to mobilize a bed with uniform grain size composed of the light minerals present (quartz in this case) and is less than the critical stress required to mobilize the heavy minerals present. This causes the light minerals to be eroded and leaves a heavy mineral lag. If the bed shear stress is less than the lower limit then no transport occurs, and if it is greater than the upper limit then all mineral types are transported. Neither of these situations produces the desired sorting. On this basis we can use Figure 7 to determine the range of bed shear stresses that would cause sorting of minerals through selective entrainment. If we average the D i from the eight sites below Bed A then we have a representative grain size for the original deposit, which turns out to be 0.37 mm. Similarly, if we average the D i from the eight sites within Bed A we have a representative grain size of the heavy minerals separated from the original deposit, which turns out to be 0.25 mm. Note that the variation in grain size in the cross-shore direction is insignificant, so these averages are good representations of the relevant grain sizes (Fig. 3) . Reading from the curves in Figure 7 , the c required for entraining a bed of uniform-size quartz grains with D i ϭ 0.37 mm is 2.30 dynes cm Ϫ2 . Similarly, the c required for entraining hematite (the dominant heavy mineral type) with D i ϭ 0.25 mm and a density corresponding to our expected lower and upper limits (i.e., 4.7 and 5.1 g cm Ϫ3 ) is 5.99 and 6.57 dynes cm
Ϫ2
, respectively. Because hematite is the densest mineral present and presumably the most difficult to entrain, in order for selective grain entrainment to be an effective mechanism for sorting the light and heavy minerals on Fishermans Beach the bed shear stress in the swash zone must therefore be in the range ca. 2.3 Ͻ Ͻ 6.6 dynes cm Ϫ2 . Below this range nothing is entrained, and above this range all mineral types are entrained.
The standard equation for the bed shear stress under oscillatory flow is ϭ 0.5fu 2 (12) (e.g., Sleath 1984) , where f is the friction factor. Strictly speaking, this equation relates the maximum bed shear stress to the maximum flow velocity at the top of the boundary layer. By assuming that f is approximately constant throughout the swash cycle, Eqs 8 and 12 can be used to model the instantaneous bed shear stress. It should be noted that the friction factor, f, is different from the shoreline friction factor in Eq 2. The flow regime in the swash zone on steep sandy beaches like Fishermans Beach is predominantly sheet flow ). Wilson (1989) provides a friction factor for sheet flow under waves, which can be modified to suit the swash:
where L s is the swash length (free-stream amplitude in Wilson's formulation), s is the ratio of sediment and fluid densities, and T s is the swash period (wave period in Wilson's formulation). For the model waves at Fishermans Beach (Table 3) , f is found to be 0.0125. For this discussion the flow conditions at the mid-swash position are considered to be indicative of the flow conditions across much of the beach. The cumulative percentage of time that bed shear stresses occur during the swash cycle for the two model waves at Fishermans Beach is shown in Figure 8 . It turns out that the percentage of time that is within the theoretical range necessary for selective grain entrainment to produce mineral sorting at Fishermans Beach (i.e., 2.3 Ͻ Ͻ 6.6 dynes cm Ϫ2 ) is rather small: about 21 and 15% of the time for the 0.5 and 1.25 m model waves, respectively. For the model flow durations at the mid-swash position (Table  3) , this is equivalent to 0.93 and 1.05 s, respectively. It is difficult to imagine that any mineral sorting achieved in such a short length of time can be preserved when, for approximately 40 and 60% of the flow durations for the 0.5 and 1.25 m model waves, respectively, the entire mineral suite is being transported (i.e., when Ͼ 6.6 dynes cm Ϫ2 ). For brevity we have limited the analysis just presented to the sedimentological data related to Bed A. It should be noted, however, that the results just discussed apply equally to Bed B.
Shear Sorting
In a moving granular layer subject to shear by the transporting fluid, grain interactions produce a dispersive pressure force perpendicular to the stationary bed, provided that the grain concentration is sufficiently large, as in the case of sheet flow (Bagnold 1954) . This implies that shear sorting probably acts whenever sheet-flow conditions occur. Wilson (1989) provided a criterion for the occurrence of sheet flow under waves that can be modified for the swash:
where L s and T s replace the free-stream amplitude and wave period, respectively, in Wilson's formulation. Evaluating the right-hand side of Eq 14 for the 0.5 and 1.25 m model waves yields critical swash lengths of 0.9 and 1.5 m, respectively. Comparing these values with the swash lengths listed for the model waves in Table 3 , it is clear that the sheet-flow criterion is satisfied for the full range of wave conditions believed responsible for producing the heavy-mineral-enriched beds at Fishermans Beach. Bagnold's (1954) experiments on the dispersive pressure force, P, yielded the following relationship:
where s is the sediment density, is the linear grain concentration, D is the grain diameter, u is the fluid velocity, y is distance in the vertical direction and ␣ i is analogous to the angle of internal friction and is determined by the conditions of grain collision. On the basis of the premise that Eq 15 is also correct for grains of mixed size and density, Bagnold argued that in a sediment of mixed grain sizes and densities the dispersive pressure acting on the grains is stronger on the larger or denser grains in a mixture. This causes these grains to ''float'' to the surface of the granular layer under shear. This was interpreted subsequently by Sallenger (1979) 
where L and H are the densities of the light and heavy mineral grains respectively. Conversely, if the combination of grain size and density for the mineral types involved does not satisfy Eq 16, then the mineral types become sorted from each other. The equilibrium relationship between the grain diameters of light and heavy minerals described by Eq 16 is shown in Figure 9 . Curves are presented for each of the principal mineral types representative of the heavymineral-enriched beds at Fishermans Beach. Most of the samples from the two beds plot to the right of the equilibrium curves for hematite, which is the dominant heavy-mineral type. This indicates that the heavy and light minerals at Fishermans Beach are not ''shear equivalent'', and thus shear sorting provides a possible explanation for the observed mineral sorting.
Given that sheet flow is occurring within the swash zone at Fishermans Beach and shear sorting is therefore feasible, it is of interest to consider what the thickness of the sheet-flow layer is likely to be in the swash zone. Recent laboratory experiments (Flores and Sleath 1998) have shown that the thickness of the sheet-flow layer in oscillatory flow is largely determined by a parameter, S, that represents the ratio of inertial to gravitational forces acting on the individual grains of sediment:
where U is the amplitude of the oscillatory velocity just above the boundary layer and is the angular frequency (2/T). For values of S less than about 0.3 the mobile sediment layer behaves as if the flow is quasi-steady, and there is a simple relationship between S and the thickness of the layer. For larger values of S the pressure gradient and inertia forces that relate to oscillatory motion become important, and the relationship is more complex. Substituting U o for U and T s for T, the value of S for the two model waves is 0.3. This value is on the border of when inertial and pressure-gradient forces become important. For simplicity and the fact that we know nothing about the phase relationship between the velocity and bed shear stress, the simpler equation is used for predicting the maximum thickness of the sheet flow layer, ⌿: ⌿ ϭ 1.5Saf (18) (Flores and Sleath 1998) , where a is the amplitude of the fluid excursion just outside the boundary layer. Substituting L s for a and using the previously presented value of f ϭ 0.0125, then the maximum thickness for the sheet-flow layer for the model waves is 2.4 cm and 5.9 cm, respectively. These values are clearly large enough to develop a heavy-mineral-enriched bed of the thickness observed at Fishermans Beach. Additional evidence that suggests that shear sorting may be important at Fishermans Beach is the lack of any trend in the heavy-mineral content, grain size, or sorting in the cross-shore direction. Such trends are expected if differential settling velocity or selective entrainment are the predominant process for sorting the minerals, but they are not necessarily expected in the case of shear sorting.
DISCUSSION
If our present formulation of each sorting mechanism is accurate, then our assessment suggests that flow constraints preclude the operation of suspension and entrainment sorting as an effective means of concentrating heavy minerals at Fishermans Beach. Only the shear sorting mechanism seems feasible, given the flow constraints. There are, however, clearly omissions and assumptions in our analysis that require further discussion.
Our assessment of suspension sorting was based on the interpretation of grain settling velocities measured in a still fluid. This is of course far from a true representation of settling on a beach. The implicit assumption here, and in previous studies of suspension sorting (e.g., Komar and Wang 1984; Li and Komar 1992) , is that the relative magnitudes of the grain settling velocities in turbulent water are consistent with their relative magnitudes measured in still water. Only the absolute magnitude of the grain settling velocity is assumed to differ between the two situations. In light of the limited experimental data available this assumption is probably too simplistic. The available data show that the grain settling velocity in turbulent water is less than in still water if the turbulence intensity is less than ca. three times the grain settling velocity (Murray 1970; Nielsen 1993) . The turbulence intensity in this case is the root mean square of the vertical velocity fluctuations about the mean. The reduced settling velocity arises primarily due to the nonlinear drag force acting on the grains and trapping of the grains within vortices. For stronger turbulence the grain settling velocity can be substantially larger than in still water, because the settling grain ''fast-tracks'' its way towards the bed by following a path between the vortices. This is apparently particularly important for heavier grains (Nielsen 1993) . There is therefore a potential divergence in the settling behavior of light and heavy minerals in a turbulent fluid.
At present there is virtually no information on turbulence intensities characteristic of the swash. Given the likely advection of turbulence into the swash zone from the incoming turbulent bore and the large horizontal velocities characteristic of swash, we can expect the turbulence intensity on a steep beach to be high. If this is indeed the case then suspension sorting may well occur within the swash zone, but not as previously envisaged. Rather than a simple process of separation of light and heavy mineral grains during settling according to their relative masses (combination of size and density), it is probably a more complex process of separation according to the relative interaction of the light and heavy mineral grains with the turbulent vortices present. This will depend on the usual grain parameters as well as the turbulence intensity and the vortex structure in the fluid. At present there is insufficient knowledge to assess whether this more complex view of suspension sorting holds in the swash environment. For such an assessment, detailed measurements of turbulence intensities and vortex structure in swash flows are required. Moreover, the relative settling behavior of light and heavy mineral grains in the presence of characteristic vortex structures is also necessary.
Entrainment sorting, as presently formulated, does not appear to be feasible given the model flow constraints for Fishermans Beach. This does not necessarily mean that entrainment sorting does not operate at this beach, because some processes that are presently excluded may be important in the swash zone. The model for grain entrainment investigated here does not take account of either the grain inertia effects that result from an unsteady flow regime or the infiltration effects that result from a permeable beach face. If grain inertia is important then the actual critical entrainment stress for the individual mineral types is larger than those calculated here and elsewhere (e.g., Komar and Wang 1984; Li and Komar 1992) . Similarly, if the primary effect of fluid infiltration is to generate a stabilizing force on the sediment due to the downward-directed fluid drag, then the actual critical entrainment stresses are again larger than those calculated here and elsewhere. Both of these processes may in fact bring the critical entrainment stress for the various mineral types into a range suitable for entrainment sorting.
Komar and his colleagues have presented convincing evidence that supports a strong role for entrainment sorting on the Oregon beaches they studied (e.g., Komar and Wang 1984; Li and Komar 1992) . If the entrainment sorting mechanism as presently formulated is essentially correct for their particular beach conditions, then there must be some environmental factor that precludes its operation at Fishermans Beach. The Oregon beaches are generally low-gradient beaches where most of the incident wave energy is dissipated in the surf zone, thus breaker heights at the seaward edge of the swash zone are generally small. The breaker type close to the shoreline on these beach types is characteristically a turbulent bore. In contrast, the narrow surf zone at Fishermans Beach means that there is minimal dissipation of incident wave energy and breaker heights adjacent to the swash zone are generally larger. Furthermore, the breaker type is characteristically a plunging breaker. The different breaker heights and types on these contrasting beach morphologies are expected to produce different flow regimes in the swash zone. It is anticipated that flow velocity and turbulence intensity in the swash zone are high on Fishermans Beach, because plunging breakers rapidly inject a large amount of water and turbulence directly into the narrow swash zone. These conditions may favor shear sorting over entrainment sorting. On the other hand, it is anticipated that the turbulence injected into the swash zone on Oregon beaches by bores is small, because they have dissipated most of their turbulent energy crossing a broad surf zone. The gentler flow conditions in the swash zone on these beaches may favor entrainment sorting over shear sorting. Moreover, the broader width of the swash zone on the Oregon beaches may provide the opportunity for transport sorting to augment the role of entrainment sorting. Both beach morphology and wave breaker type may have a key role in determining which sediment sorting mechanism can operate in the swash zone.
Our assessment of the shear sorting mechanism suggests that this mechanism is feasible from both our data on sediment properties and data on modeled flow dynamics, but this result is not conclusive. We showed that sheet-flow conditions are certainly met in the swash zone. Moreover, if we assume steady flow then the bed shear stress mobilizes a sediment layer similar in thickness to the heavy-mineral-enriched beds. Whether this is a reasonable assumption depends on how strong the inertial effects relating to the mobile bed layer are in the swash. In order to determine this the laboratory results of Flores and Sleath (1998) indicate that we need to know the phase relationship between bed shear stress and velocity. If inertia is important then the desired thickness may not be reached and we would need to find a new sorting mechanism or envisage a different operation of this mechanism. Other problems with our present understanding of this mechanism is that Bagnold's equation (Eq 15) for dispersive pressure was determined for uniform sediments; it still needs to be verified that it is valid for mixed sizes. Also, the equation shows that the dispersive pressure is directly proportional to both grain density and the square of the grain diameter. In the case of beach sediments where the heavy minerals are generally the smallest and the light minerals are generally the largest, the question arises as to which experiences the greatest dispersive pressure and moves to the top of the sheared layer: the dense heavy minerals or the large-diameter light minerals? Given that Bed A is on the beach surface, it would appear that the dispersive pressure is greatest on the most dense rather than the largest grains. This interpretation is plausible, of course, only if the details of Eq 15 are confirmed for granular flows of mixed size and density. Finally, Bagnold suggested that the differential effect of dispersive pressure on mixed sediments disappears when the maximum grain size is less than 0.2 mm. It is not established, therefore, that this sorting mechanism is actually feasible for sandy beach sediments.
CONCLUSION
On the basis of sedimentological evidence alone it is possible to attribute the observed pattern of mineral sorting at Fishermans Beach to any one of three sorting mechanisms: suspension sorting, entrainment sorting, or shear sorting. A numerical model for swash was used to assess the flow constraints on each of these sorting mechanisms. If the present formulation of each sorting mechanism is accurate, then only shear sorting is feasible on this beach, given the probable range of flow conditions existing during mineral sorting episodes. This result contrasts with conclusions from most previous studies of the swash zone, which favor entrainment sorting. The previous studies have focused on gently sloping, fine-sand beaches, whereas the beach studied here is a steeply sloping, medium-sand beach. This suggests a possible role for beach type in determining which sediment sorting mechanism can operate in the swash zone. In conclusion, it must be emphasized that our present formulations of the various sorting mechanisms are largely based on our experience with unidirectional fluvial flows. A number of important factors, unique to the swash zone, probably cause these mechanisms to operate in a significantly modified way. A more complete assessment of individual sediment sorting mechanisms in the swash zone and their precise role in the formation of beach placers is not possible until more data become available on the effects of: sheet-flow dynamics; grain inertia; swash infiltration; turbulence in swash flows (intensity levels and vortex structure); grain settling through turbulence; and the phase relationship between bed shear stress and horizontal flow velocity in the swash.
